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Abstract Actin is the most abundantly distributed protein in living cells which plays critical roles in the cell 
interior force generation and transmission. The fracture mechanism of microfilament networks, whose 
principle component is actin, would provide insights which can contribute to the understandings of 
self-protective characters of cytoskeleton. In this study, molecular simulations are conducted to investigate 
the molecular mechanisms of disruption of microfilament networks from the viewpoint of biophysics. By 
employing a coarse-grained (CG) model of actin filament networks, we focused on the ultimate strength and 
crack growth mode of microfilament networks that have dependency on the crack length. It can be found that, 
the fracture mechanism of microfilament network has dependency on the structural properties of 
microfilament networks. The structure flaws marginally change the strength of microfilament networks 
which would explain the self-protective characters of cytoskeleton. 
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1. Introduction 
As an essential component of a cytoskeleton, actin plays critical roles in many cellular processes of 
eukaryotic cells, such as wound healing [1], cellular motility [2, 3], and cytokinesis of eukaryotic 
cells [4]. The failure of intercellular systems would result in the disability of the aforementioned 
cellular activities and cause related diseases in living cells. However, the failure mechanisms of 
these biological system has not been well understood yet [5]. The fracture of engineering materials 
has been systematically studied from fracture mechanics point of view [6]. Due to the special 
properties of ductile biological materials in living cells, the fracture mechanisms cannot be explored 
by linear continuum fracture theory. The material lost of the biological super-molecules at 
nanoscale is essential to the fracture mechanisms of the rupture of nanoscale microfilament 
networks fracture. Therefore, the nanoscale fracture mechanism of actin filament is important to the 
understandings of the mechanical properties of fractured microfilament networks. 
The deformation of microfilament networks is important in the fracture mechanisms analysis. 
Multiscale approaches can provide a view of the essential physical basis of protein molecules to 
allow an understanding of biomechanics and mechanobiology of microfilament networks from 
atomic level biophysics analysis [7, 8]. At molecular level, the molecular dynamics (MD) method 
can describe ultimate motion phenomena of living systems in terms of chemistry and physics and 
study the mechanical properties of small protein groups which consist of millions of atoms [9]. The 
constitutive relations of the ductile actin filament is quite complex to be represented by linear 
equations. Buehler proposed a multiscale method to investigate biomechanics of alpha-helical 
intermediate filament networks based on constitutive relations that are extracted from all-atom MD 
simulation and experiments [10, 11]. By employing this strategy, Ackbarow et al. explained 
self-protective features of alpha-helical protein networks. Ackbarow, et al, systematically studied 
the fracture properties of intermediate filament networks by hierarchical multiscale method [5]. 
However, comparing to intermediate filament, actin filament is more brittle, whose engineering 
strain is below 0.1 under physiological limits [12]. Due to the cryptic mechanical properties of 
single actin filaments, the fracture of microfilament networks presents different properties 
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comparing to the ductile intermediate filament network, whose principle component is collagen. 
We have developed a special multiscale method for the mechanics of actin filament and explored 
the mechanics of randomly distributed microfilament networks [13]. By adopting this multiscale 
strategy, rectangular microfilament networks with different initial damages are studied. The ultimate 
strength and crack growth mode are studied to understand the self protective properties of damaged 
microfilament networks. 
2. Multiscale Method 
The ‘Oda 2009’ F-actin model[14] (pdb ID: 2ZWH) is used to extract interaction between adjacent 
actin clusters. Every actin cluster consists of two actin monomers. The multiscale model for actin 
filament is proposed based on interactions between neighboring actin clusters which is extracted 
from MD simulations, as shown in Fig.1(b). Finally, this model is applied to two-dimensional actin 
filament networks, as shown in Fig. 1(c). 
 
Figure. 1 The multiscale approach for actin filaments. a: Actin cluster which contains two ‘Oda 2009’ actin 
model. b: A single F-actin constructed from ‘Oda 2009’ actin model following the nature from globular actin 
to filamentous actin[14]. c: Microfilament networks, which is built from actin clusters. 
The balance distance between adjacent particles is 5.529nm according to the crystallography of 
F-actin from X-ray diffraction experiments[14, 15]. The angle of 180
o
 is employed as the average 
balance angle on the long double helix structure. The MD simulations were performed with 
Martini[16, 17] force field instead of all atom MD simulation to save computational cost. All MD 
simulations are performed on Gromacs[18]. The force-displacement relation between actin clusters 
from numerical simulations is provided in Fig 2.  
 
Figure. 2 The force-displacement relation between actin clusters from the tensile and compression numerical 
simulations. In the compression region, there is a stiffness transition at 5.512 nm. The balance distance for 
the whole curve is 5.529 nm. In the tension region, there are two stiffness transitions respectively at 5.546 
nm and 5.556 nm. 
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It should be noted that, when the loading applied on the simulation system exceeds 1000pN, the 
simulation system is not reliable anymore. Rupture of the actin filament takes places cryptically. 
However, there is no direct evidence of the rupture force based on MD simulation. We putatively 
define the rupture deformation of neighboring actin clusters to be 6.6nm (0.19 engineering strain) in 
this research for methodology study. Future study about the molecular rupture mechanisms of 
neighboring actin clusters should be carefully studied for more accurate results. 
The dimensions of the microfilament networks studied in this paper is 1.1µm×1.1µm, which is 
closed to the real size of microfilament networks in living eukaryote cells. Microfilament networks 
with different crack lengths are adopted in computational models to understand the mechanical 
performances of networks, depending on the crack properties. The illustration of the microfilament 
network with initial damage is provided in Fig 3.  
 
Figure 3. A two-dimensional microfilament network with a crack of the length of d. The total width of the 
microfilament network is w, and the length of network in the loading direction is l. 
A variable r is defined to describe the geometry properties of the crack on microfilament network 
as: 
d
r
w
            (1) 
The coarse-grained(CG) molecular simulations are all performed on Lammps[19]. The time step in 
the simulation is 150fs, and the total 1.5 million time steps represent 0.225 micro seconds. The 
lower boundary of the networks is fixed, while a constant velocity loading is applied on the upper 
boundary and the velocity is controlled as 1m/s. This velocity has to be small enough to allow stress 
wave propagation on the network. 
It should be noted that, this is the largest molecular simulation of actin filament networks so far. The 
time scope of simulation is also at microsecond level. All atom MD simulations can only be adopted 
to be used on single actin filaments with a length up to 100nm at nanosecond level. With the help of 
this multiscale strategy, the simulation scope can be expanded to real cell size, without losing too 
much biophysical properties between actin clusters. And also the time scale is enlarged from nano 
second to micro second by adopting this hierarchical multiscale technique. 
3. Results 
3.1 Crack Length Dependency of the Ultimate Strength  
The ultimate strength of microfilament networks with different crack lengths has been studied to 
understand the dependency of network ultimate strength on the crack length. Fig 4 provides the 
deformation-force relationship of different crack length cases. It can be found that, as the crack 
length increases, the ultimate strength of the network decreased from 8×10
5
pN to only 2×10
5
pN. 
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The networks would still unstably carry some loading after crack growth, but finally fails suddenly 
at corresponding loading strain which is lower than engineering strain limit of ideal networks (0.19, 
black open square). The case of r=0.16 and r=0.26 both result in almost the same strain limit of the 
networks, which indicates that the damaged microfilament can still undergo loadings when the 
crack is comparable to the geometry of the networks. This character would help explain the 
self-protective characters of hierarchical biology network structures in nature.    
 
Figure 4. The deformation-force relationship on different crack length network cases. 
3.2 Crack Growth Mode of Microfilament Networks 
We also analyzed the crack growth modes for networks with different initial crack lengths. Fig 4 
provides the analytical results for different crack length cases.  
 
Figure 5. The crack growth mode of networks with different initial crack lengths. The upper row denotes 
r=0.16 case and the lower one denotes r=0.58 case.  
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The crack growth mechanisms in small crack (r=0.16) cases can be divided into two stages: local 
crack growth near crack tip and general crack on the whole network. Initial crack growth on the 
small crack case starts at 90ns, and lasts to until 150ns, when crack also starts from areas far from 
initial crack tip. General crack on the whole network happens suddenly at 180ns, the whole sheet 
like network would also present large transverse deformation under this loading strain condition 
(refer to Fig 5). When the crack is large enough (e.g. r=0.58), the crack growth on the networks 
only present one propagation process. As the crack tip is closes to the edge of the network, the 
initial crack tip propagation is united with the failure of the whole networks. Once the crack 
propagation approached the network edge, the total network would fail and no more potential 
energy would be carried by this network. 
The crack tip propagation on small crack cases (r=0.16, r=0.26, r=0.37) cannot directly result in 
the final failure of microfilament networks. However, this crack length is comparable to the total 
geometry of the networks, indicating that the structural flaws on biological structures would 
mediate the strength of the network once damage has been made on the hierarchical structure. 
3. Conclusions 
In this paper, we have developed a coarse-grained (CG) hierarchical multiscale model to study the 
molecular mechanisms of microfilament networks disruption. According to ultimate strength and 
crack growth mode analysis, it can be concluded that: 
 The ultimate strength of microfilament networks has dependency on the initial crack length 
of the network. Small crack would cause instability of the network structure but not 
seriously reduce the strength of microfilament networks. 
 The crack growth mode on small crack cased can be divided into two stages, and only the 
second stage of general disruption of the whole network can cause the failure of the network. 
The crack tip propagates fast to the edge in large crack cases.  
This molecular mechanisms study provides insights which can contribute to the mechanical 
properties of microfilament networks regarding structure disruption, and helps to understand the 
self protective properties of biological structures. The multiscale framework developed in this paper 
also provides a powerful tool to model the mechanical deformation of hierarchical biological 
structures. 
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